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A  combined  thermal  system  consisting  of  a  thermoelectric  generator  and  a  refrigerator  is  considered  and 
the  effect  of  location  of  the  thermoelectric  generator,  in  the  refrigeration  cycle,  on  the  performance  char¬ 
acteristics  of  the  combined  system  is  investigated.  The  operating  conditions  and  their  influence  on  coef¬ 
ficient  of  performance  of  the  combined  system  are  examined  through  introducing  the  dimensionless 
parameters,  such  as  2(7  =  Qhte/Qh.  where  Qhte  is  heat  transfer  to  the  thermoelectric  generator  from  the 
condenser,  Qh  is  the  total  heat  transfer  from  the  condenser  to  its  ambient),  temperature  ratio  (0,  =  T,J 
Th,  where  TL  is  the  evaporator  temperature  and  TH  is  the  condenser  temperature),  rc  (rc  =  C,JCH,  where 
Q.  is  the  thermal  capacitance  due  to  heat  transfer  to  evaporator  and  CH,  is  the  thermal  capacitance  due 
to  heat  rejected  from  the  condenser),  8W  {Bw  =  TwlTH,  where  Tw  is  the  ambient  temperature),  6C  ( 8C  =  TCI 
Th,  where  Tc  is  the  cold  space  temperature).  It  is  found  that  the  location  of  the  thermoelectric  generator  in 
between  the  condenser  and  the  evaporator  decreases  coefficient  of  performance  of  the  combined  system. 
Alternatively,  the  location  of  thermoelectric  device  in  between  the  condenser  and  its  ambient  enhances 
coefficient  of  performance  of  the  combined  system.  The  operating  parameters  has  significant  effect  on  the 
performance  characteristics  of  the  combined  system;  in  which  case  temperature  ratio  (0t)  within  the 
range  of  0.68-0.70,  rc  =  2.5,  0W=  0.85,  and  ()c  =  0.8  improve  coefficient  of  performance  of  the  combined 
system. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Increasing  energy  demand  and  environmental  pollution  lead  to 
development  of  new  technologies  towards  utilizing  renewable  en¬ 
ergy  sources.  The  recent  developments  in  scientific  research  enable 
to  demonstrate  utilization  of  the  solid  state  devices,  to  produce  di¬ 
rect  electricity  from  the  waste  heat  resources,  is  one  of  the  alterna¬ 
tive  solutions  for  the  waste  heat  recovery.  Thermoelectric 
generators  are  the  solid  state  devices  and  they  are  one  of  the  po¬ 
tential  candidates  for  renewable  energy  conversion  from  the  waste 
heat  sources.  Their  environment  friendly  nature,  simple  design, 
and  easiness  of  operation  are  the  driving  forces  for  their  current 
interest  in  electricity  production  despite  their  low  efficiency. 
Advancements  in  thermoelectric  materials  enhance  the  device  effi¬ 
ciency  through  improving  the  figure  of  Merit.  The  proper  arrange¬ 
ment  of  the  device  geometric  configurations  minimizes 
thermodynamic  losses  during  the  operation  while  improving  the 
device  performance  considerably.  Although  thermoelectric  genera¬ 
tors  can  find  applications  in  industry,  domestic  applications  are 
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limited  because  of  their  low  efficiency.  However,  the  overall  per¬ 
formance  of  the  thermal  system  can  be  further  improved  through 
integration  of  thermoelectric  generators  in  the  system.  One  of 
the  practical  systems  is  the  refrigeration  cycle,  which  is  widely 
used  in  households  for  the  food  storage  purposes.  The  waste  heat 
from  the  refrigeration  cycle  can  be  utilized  by  the  thermoelectric 
generators;  however,  thermal  load  of  the  system  changes  with 
the  addition  of  such  device  while  modifying  thermal  characteris¬ 
tics  of  the  system.  Therefore,  investigation  of  thermal  integration 
of  thermoelectric  generator  in  the  refrigeration  cycle  for  improved 
system  performance  becomes  essential. 

Considerable  research  studies  were  carried  out  to  examine  ther¬ 
mal  performance  of  thermoelectric  generators.  Optimization  of 
power  and  efficiency  of  thermoelectric  devices  with  asymmetric 
thermal  contacts  was  carried  out  by  Yazawa  and  Shakouri  [  1  ].  They 
presented  a  generic  formula  of  the  maximum  power  output  and 
obtained  optimum  device  geometric  configuration  resulting  the 
maximum  power.  The  maximum  power  and  efficiency  of  an  irre¬ 
versible  thermoelectric  generator  with  a  generalized  heat  transfer 
law  were  investigated  by  Chen  et  al.  [2],  They  demonstrated  that 
the  external  heat  transfer  did  not  affect  the  device  characteristics 
and  the  optimum  performance  of  the  thermoelectric  device  could 
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Nomenclature 

CL 

heat  conductance  between  low  temperature  reservoir 

Tw 

temperature  of  high  temperature  reservoir  (K) 

and  evaporator  (W/K) 

Wc 

power  input  to  the  compressor  (W) 

Ch 

heat  conductance  between  high  temperature  reservoir 

WTE 

power  output  of  the  thermoelectric  generator  (W) 

and  condenser  (W/K) 

Z 

figure  of  Merit  (Z  =  a S2/X,  where  S  is  Seebeck  coefficient, 

Qh 

heat  transfer  rate  from  the  condenser  (W) 

X  thermal  conductivity,  □  and  a  electrical  conductivity) 

Qhte 

heat  transfer  rate  from  condenser  to  the  thermoelectric 

(1/K) 

generator  (W) 

P 

coefficient  of  performance 

Ql 

heat  transfer  rate  to  the  evaporator  (W) 

rim 

efficiency  of  the  thermoelectric  generator 

Qlte 

heat  transfer  rate  between  thermoelectric  generator  and 

X 

fraction  of  heat  rate  to  the  thermoelectric  generator, 

evaporator  (W) 

Qhte/Qh 

rc 

conductance  ratio,  Ci/CH 

ec 

dimensionless  temperature  of  the  low  temperature  res¬ 

Tjve 

average  temperature  in  the  thermoelectric  generator  (K) 

ervoir,  Tc/Th 

Tc 

temperature  of  low  temperature  reservoir  (K) 

eL 

dimensionless  evaporator  temperature,  TLITH 

Th 

condenser  temperature  (K) 

8W 

dimensionless  condenser  temperature,  TwITh 

Tl 

evaporator  temperature  (K) 

be  achieved  for  proper  selection  of  device  parameters  such  as  the 
figure  of  Merit.  The  possible  increase  of  cycle  efficiency  of  thermal 
plants  through  integration  of  thermoelectric  devices  was  investi¬ 
gated  by  Sarnacki  et  al.  [3],  They  showed  that  integration  of  ther¬ 
moelectric  devices  improved  the  overall  efficiency  of  marine 
diesel  propulsion  systems  and  a  microgas  turbine.  Solar  thermo¬ 
electric  generator  for  micropower  applications  was  examined  by 
Amatya  and  Ram  [4],  They  indicated  that  using  novel  thermoelec¬ 
tric  materials,  a  conversion  efficiency  of  5.6%  can  be  achieved  for  a 
solar  thermoelectric  generator.  Energy  conversion  efficiency  of  a 
hybrid  solar  system  incorporating  photovoltaic,  thermoelectric, 
and  waste  heat  was  studied  by  Yang  and  Yin  [5],  They  showed  that 
energy  conversion  efficiency  depended  on  the  solar  irradiation, 
ambient  temperature,  and  water  flow  temperature;  moreover, 
the  hybrid  system  had  a  higher  efficiency  than  that  of  the  tradi¬ 
tional  photovoltaic  system.  Performance  characteristics  of  a  mul¬ 
ti-element  thermoelectric  generator  with  radiation  heating 
source  were  examined  by  Meng  et  al.  [6],  They  indicated  that  the 
maximum  electrical  current  decreased  with  the  increase  of  the 
number  of  thermoelectric  elements  while  it  increased  with  the  in¬ 
crease  of  the  generator  heat  source  temperature.  Thermal  control 
of  exhaust-heat-thermoelectric  generation  was  investigated  by 
Brito  et  al.  [7],  They  demonstrated  that  the  current  commercial 
thermoelectric  modules  were  temperature  limited,  so  they  were 
unable  to  be  in  direct  contact  with  the  exhaust  gases  for  electricity 
generation.  Energy  and  exergy  analysis  of  a  double-pass  thermo¬ 
electric  solar  air  collector  were  carried  out  by  Khasee  et  al.  [8], 
They  showed  that  exergy  efficiency  of  the  thermal  system  varied 
from  the  minimum  of  7.4%  to  the  maximum  of  8.4%.  Parametric 
and  exergetic  analysis  of  waste  heat  recovery  system  based  on 
thermoelectric  generator  and  organic  Rankine  cycle  were  carried 
out  by  Shu  et  al.  [9],  They  demonstrated  that  the  thermoelectric- 
organic  Rankine  cycle  system  was  suitable  to  recover  waste  heat 
from  engines  because  of  the  fact  that  thermoelectric  generator 
could  be  operated  at  extend  temperature  range  of  heat  source 
and  thereby  improved  the  fuel  economy.  Effect  of  linear  and 
non-linear  components  in  the  temperature  dependences  of  ther¬ 
moelectric  properties  on  the  energy  conversion  efficiency  was 
investigated  by  Yamashita  [10],  He  demonstrated  that  that  the 
temperature  dependences  of  thermoelectric  properties  of  the  gen¬ 
erator  had  a  significant  influence  on  the  thermal  efficiency  of  the 
device.  Thermoelectric-hydraulic  performance  of  a  multistage  inte¬ 
grated  thermoelectric  power  generator  was  studied  by  Reddy  et  al. 
[11],  They  indicated  that  the  addition  of  modules  in  the  device  re¬ 
sulted  in  a  significant  improvement  in  power  output;  however,  a 
reduction  in  produced  electric  current  and  efficiency  was  observed. 


The  analysis  of  thermoelectric  energy  conversion  efficiency  with 
linear  and  non-linear  temperature  dependence  in  material  proper¬ 
ties  was  carried  out  by  Wee  [12],  He  suggested  that  the  accurate 
inclusion  of  the  Thomson  effect  was  essential  to  understand  even 
the  qualitative  behavior  of  thermoelectric  energy  conversion. 

Thermoelectric  power  generator  can  operate  with  the  combina¬ 
tion  of  other  thermal  systems.  In  this  case,  the  combined  system 
performance  can  be  improved  due  to  utilization  of  rejected  heat 
by  the  thermoelectric  generator.  Although  thermal  analysis  of 
thermoelectric  power  generation  was  studied  previously  [13-18], 
the  main  focus  was  to  investigate  the  effects  of  geometric  configu¬ 
ration  on  the  device  performance  and  characteristics  including  effi¬ 
ciency,  output  power,  and  thermal  stress  states.  However,  thermal 
analysis  in  relation  to  practical  application  of  the  thermoelectric 
generator,  such  as  in  refrigeration  cycle,  is  left  obscure.  Therefore, 
in  the  present  study,  thermal  analysis  of  combined  cycle,  consist¬ 
ing  of  a  refrigerator  and  thermoelectric  power  generator,  is  pre¬ 
sented.  The  influence  of  the  location  of  thermoelectric  generator, 
in  the  combined  system,  on  the  cycle  performance  as  predicted 
by  coefficient  of  performance  of  the  thermal  system  is  investigated. 
The  analysis  is  extended  to  include  various  operating  parameters, 
such  as  temperature  ratio,  heat  fraction  ratio,  and  thermal  capaci¬ 
tance  ratio,  for  the  assessment  of  thermal  system  performance  and 
characteristics. 


2.  Thermodynamic  analysis  of  combined  system 

The  coefficient  of  performance  of  a  refrigeration  cycle  may  be 
increased  by  using  thermoelectric  generator  in  a  proper  arrange¬ 
ment.  Therefore,  the  waste  heat  can  be  utilized  by  the  thermoelec¬ 
tric  device  to  generate  electrical  power,  which  can  be  used  as  a 
supplement  to  the  compressor  of  the  refrigeration  cycle.  This 
arrangement  reduces  the  external  power  required  to  run  the  com¬ 
pressor;  which  in  turn  yields  a  high  coefficient  of  performance  of 
the  combined  system  consisting  of  a  thermoelectric  generator 
and  a  refrigerator. 

The  thermal  efficiency  of  the  thermoelectric  generator  depends 
on  the  temperature  difference  between  across  the  thermoelectric 
generator.  Therefore,  as  a  first  trial,  consider  placing  the  thermo¬ 
electric  generator  between  the  condenser  and  the  evaporator  of 
the  refrigeration  cycle  as  shown  in  Fig.  1.  Here,  X  in  Fig.  1  indicates 
the  fraction  of  the  heat  rejected  from  the  condenser  at  temperature 
Th  which  is  used  by  the  thermoelectric  device  to  generate  electric¬ 
ity.  The  remaining  of  the  heat  rejected  from  the  condenser  is  re¬ 
leased  to  the  surrounding  at  temperature  Tw. 
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The  coefficient  of  performance  of  the  combined  cycle  (refriger¬ 
ation  cycle  incorporated  with  the  thermoelectric  generator  be¬ 
tween  the  condenser  and  the  evaporator  as  shown  in  Fig.  1 )  can 
be  written  as: 


_  Cooling  load  _  Qt  -  QLTE 
p  ~  Power  input  Wc  -  WVe 

(1) 

O  0-L~  0.LTE 

P  (Qh-QOMQhte-CLte) 

(2) 

where 

(h  =  Ct(Jc-TL) 

(3) 

Q-h  =  Ch(Th  -Tw) 

(4) 

jO 

1 

11 

(5) 

0.LTE  =  (1  “  ^TE^HTE 

(6) 

A  second  option  is  to  place  the  thermoelectric  generator  on  the 
top  of  the  condenser  between  the  condenser  and  the  ambient  as 
shown  in  Fig.  2.  In  this  case  the  coefficient  of  performance  can  be 
written  as: 


Ql 


Wc-Wte 


(9) 


or 


P  (Qh-QhteHQlte-Ql  (10) 

Substituting  Eqs.  (3)-(6)  in  Eq.  (10)  and  carrying  out  the  alge¬ 
braic  manipulations  the  coefficient  of  performance  can  be  written 
more  explicitly  as: 


rc(ec-eL) 

(1  -  9W){\  -  X]  -  rc(0c  -  Bi)  +  (1  -  -  0w) 


(11) 


where 


Eq.  (1)  indicates  that,  for  the  configuration  given  in  Fig.  1, 
although  the  external  power  required  to  run  the  compressor  is  de¬ 
creased  the  cooling  load  also  decreases.  In  order  to  assess  the 
resulting  coefficient  of  performance  for  the  combined  system,  both 
of  these  effects  must  be  taken  into  consideration.  The  thermal  effi¬ 
ciency  of  the  thermoelectric  generator  is  also  depends  on  the  figure 
of  Merit  and  can  be  written  as: 


^TE  —  (1 


<k) 


A/l+ITave-  1 
VI  +  ZT ave  +  0l 


(7) 


where  0L  =  |k 

Substituting  Eqs.  (3)-(6)  in  Eq.  (2)  and  carrying  out  some  alge¬ 
braic  manipulations  the  coefficient  of  performance  can  be  written 
more  explicitly  as: 


rc(ec  -  0l)  -  (1  -  tfa-Ml  -  Ow) 

(1  -  8W)(  1  -  X)  -  rc(0c  -  dL)  +  (1  -  f7TE)2(l  - 


(8) 


where 


T 

T 


T 

T 


and  rc  = 


Ci 

Ch' 


(12) 


A  Matlab  program  is  developed  to  compute  the  performance 
characteristics  of  the  combined  system  for  various  operating  con¬ 
ditions  defined  by  the  dimensionless  parameters  (2,  rc,  9L,  Ow,  9c ) 
and  for  two  configurations  of  thermoelectric  generator  location 
in  the  combined  system. 


3.  Results  and  discussion 

Thermal  analysis  of  thermoelectric  power  generator  is  carried 
out  and  performance  characteristics  of  combined  system  consist¬ 
ing  of  a  refrigerator  and  a  thermoelectric  generator  are  analyzed. 
The  possible  arrangements  of  the  thermoelectric  generator  in  the 
refrigeration  system  are  considered  for  improved  coefficient  of 
performance  of  the  combined  system.  These  arrangements  include 
the  thermoelectric  generator  in  between  the  evaporator  and  con¬ 
denser  and  in  between  the  condenser  and  its  ambient. 

Fig.  3  shows  coefficient  of  performance  (/!)  of  combined  system 
for  two  arrangements  of  the  thermoelectric  generator  in  the 
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Fig.  3.  Variation  of  the  coefficient  of  performance  (COP)  with  fraction  of  heat 
transfer  through  thermoelectric  generator  (A)  when  thermoelectric  generator  is  in 
between  condenser  and  its  ambient  (Fig.  2). 


Fig.  4.  Variation  of  the  coefficient  of  performance  (COP)  with  thermal  capacitance 
ratio  for  different  values  of  temperature  ratio  when  thermoelectric  generator  is  in 
between  condenser  and  its  ambient  (Fig.  2). 


combined  system  (Figs.  1  and  2).  It  should  be  noted  that  the  frac¬ 
tion  of  heat  extracted  from  condenser  and  utilized  for  the  opera¬ 
tion  of  thermoelectric  generator  is  defined  as  X.  The  location  of 
thermoelectric  generator  in  the  refrigeration  system  influences  sig¬ 
nificantly  coefficient  of  performance.  In  this  case,  the  location  of 
thermoelectric  generator  in  between  the  evaporator  and  the  con¬ 
denser  results  in  significant  reduction  of  coefficient  of  perfor¬ 
mance,  which  is  more  pronounced  for  high  values  of  X.  Although 
increasing  X  enhances  the  efficiency  of  thermoelectric  generator, 
heat  rejected  from  the  thermoelectric  generator  lowers  the  cooling 
capacity  of  the  evaporator.  Since  the  efficiency  of  thermoelectric 
device  is  low,  heat  rejected  from  the  device  becomes  large;  in 
which  case,  coefficient  of  performance  of  the  combined  system  re¬ 
duces  (Eqs.  (2)  and  (6))  with  increasing  X.  However,  in  the  case  of 
the  location  of  thermoelectric  generator  in  between  the  condenser 
and  its  ambient,  coefficient  of  performance  increases  gradually 
with  increasing  X.  This  is  attributed  to  heat  rejection  from  the  con¬ 
denser,  which  is  transferred  to  the  ambient  air.  Consequently,  heat 
rejection  from  the  condenser  is  utilized  to  generate  the  electric 
power  through  the  aid  of  thermoelectric  power  generator.  Since 
the  condenser  temperature  is  relatively  lower  as  compared  to 
other  waste  heat  temperatures,  such  as  exhaust  gas  temperature 
of  automobiles,  temperature  ratio  (0i  =  Tl/Th)  becomes  low  while 
lowering  the  Carnot  efficiency  of  thermoelectric  generator.  This, 
in  turn,  reduces  the  efficiency  of  thermoelectric  generator  (Eq. 
(7)).  Consequently,  low  thermal  efficiency  of  thermoelectric  gener¬ 
ator  lowers  the  increase  of  coefficient  of  performance  of  the  com¬ 
bined  system.  However,  increasing  X  causes  rise  of  coefficient  of 
performance  because  of  improvement  of  thermal  performance  of 
thermoelectric  generator  (Eq.  (11)). 

Fig.  4  shows  variation  of  coefficient  of  performance  of  the  com¬ 
bined  system  with  thermal  capacitance  ratio  (rc  =  C,JCH)  for  various 
values  of  temperature  ratio  ( dL  =  TLITH )  when  thermoelectric  gener¬ 
ator  is  located  in  between  the  condenser  and  its  ambient.  Increas¬ 
ing  capacitance  ratio  increases  coefficient  of  performance,  which  is 
more  pronounced  for  low  values  of  temperature  ratio.  It  should  be 
noted  that  thermal  capacitance  ratio  is  associated  with  heat  trans¬ 
fer  ratio  (Qi/Qh)  where  Qi  is  the  heat  rejected  from  the  evaporator 
and  Qh  is  the  heat  rejected  from  the  condenser.  It  should  be  noted 
that  low  values  of  temperature  ratio  increases  the  Carnot  efficiency 
of  the  combined  system;  therefore,  coefficient  of  performance  at¬ 
tains  high  values  with  increasing  thermal  capacitance  ratio.  How¬ 
ever,  small  change  in  temperature  ratio  alters  the  coefficient  of 
performance  significantly,  which  is  more  pronounced  at  high 


values  of  thermal  capacitance  ratio.  This  indicates  that  the  varia¬ 
tion  of  the  coefficient  of  performance  is  not  linear  function  of  both 
thermal  capacitance  ratio  and  temperature  ratio.  In  this  case, 
increasing  heat  rejection  from  the  condenser  at  high  temperature 
improves  coefficient  of  performance  of  the  combined  system.  In 
addition,  this  arrangement  (high  heat  rejection  from  the  condenser 
at  high  temperature)  increases  the  thermoelectric  generator  effi¬ 
ciency,  which  contributes  to  the  overall  improvement  of  coefficient 
of  performance.  Small  increase  in  temperature  ratio  may  improve 
slightly  Carnot  efficiency  of  the  combined  system;  however,  if  this 
situation  takes  place  at  large  values  of  thermal  capacitance  ratio, 
coefficient  of  performance  increases  significantly  despite  the  fact 
that  Carnot  efficiency  of  the  combined  system  improves  slightly. 
Therefore,  operating  the  combined  system  at  high  heat  rejection 
from  the  condenser  to  its  ambient  improves  coefficient  of  perfor¬ 
mance  of  the  combined  system  significantly.  This  arrangement  re¬ 
quires  low  condenser  ambient  temperature. 

Fig.  5  shows  variation  of  coefficient  of  performance  with  tem¬ 
perature  ratio  ( 0L )  for  various  values  of  ratio  of  condenser  ambient 
temperature  to  condenser  temperature  (0w=^w/fn.  where  Tw  is 
the  condenser  ambient  temperature  and  TH  is  the  condenser 


9L 


Fig.  5.  Variation  of  the  coefficient  of  performance  (COP)  with  temperature  ratio  for 
different  values  of  Bw  when  thermoelectric  generator  is  in  between  condenser  and 
its  ambient  (Fig.  2). 
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temperature).  Coefficient  of  performance  becomes  sensitive  to  the 
variation  of  temperature  ratio  ( 9L )  within  the  range  of  0.68.  In  this 
case,  coefficient  of  performance  increases  significantly.  This  behav¬ 
ior  is  further  improves  and  coefficient  of  performance  enhances 
with  increasing  9W .  This  is  because  of  enhancement  of  heat  rejec¬ 
tion  from  the  condenser  at  high  values  9L,  which  also  improves 
thermoelectric  device  efficiency.  Increasing  9W  causes  TH  to  in¬ 
crease,  which  in  turn,  further  improves  thermoelectric  device  effi¬ 
ciency  at  high  values  of  TH.  Consequently,  the  location  of 
thermoelectric  generator  between  the  condenser  and  its  ambient 
becomes  important  in  terms  of  coefficient  of  performance  of  the 
combined  system  when  the  condenser  temperature  increases.  In 
this  case,  heat  rejection  from  the  condenser  increases  while 
enhancing  the  thermoelectric  generator  efficiency. 

Fig.  6  shows  coefficient  of  performance  with  temperature  ratio 
(Si.)  for  different  9C  values.  It  should  be  noted  that  6C  is  defined  as 
the  ratio  of  the  cold  space  temperature  to  the  condenser  tempera¬ 
ture.  Coefficient  of  performance  reduces  with  increasing  tempera¬ 
ture  ratio.  This  is  attributed  to  reduced  Carnot  efficiency  of  the 
combined  system.  In  addition,  increasing  temperature  ratio  re¬ 
duces  the  thermoelectric  device  efficiency  and  thermal  efficiency 
of  the  refrigeration  system.  However,  increasing  0C  enhances  coef¬ 
ficient  of  performance  at  low  values  of  0C.  In  this  case,  low  9C  rep¬ 
resents  the  low  cold  space  temperature,  which  in  turn  lowers  heat 
transfer  to  the  evaporator  in  the  refrigeration  cycle.  Consequently, 
coefficient  of  performance  of  the  refrigeration  cycle  increases  con¬ 
siderably.  As  the  cold  space  temperature  approaches  to  tempera¬ 
ture  of  the  evaporator,  the  heat  transfer  from  the  cold  space  to 
the  evaporator  reduces  significantly  and  coefficient  of  performance 
of  refrigeration  cycle  increases  further.  Moreover,  increasing  tem¬ 
perature  ratio  (0t)  lowers  the  thermoelectric  device  efficiency, 
which  creates  a  negative  effect  on  the  improvement  of  coefficient 
of  performance.  Therefore,  increasing  condenser  temperature  or 
reducing  cold  space  temperature  enhances  coefficient  of  perfor¬ 
mance  of  the  combined  system.  In  this  case,  coefficient  of  perfor¬ 
mance  of  refrigeration  cycle  and  the  efficiency  of  thermoelectric 
generator  improve  considerably. 

4.  Conclusion 

A  combined  system,  consisting  of  a  thermoelectric  generator 
and  a  refrigerator,  is  considered.  Effect  of  the  location  of  thermo¬ 
electric  generator,  in  the  refrigeration  system,  on  the  performance 
characteristics  of  the  combined  system  is  investigated.  The  opera- 


tioning  parameters  of  the  combined  system,  including  temperature 
ratios  ( 6L ,  Bw  and  9C)  and  thermal  capacitance  ratio  (rc),  are  varied 
and  their  influences  on  coefficient  of  performance  of  combined  sys¬ 
tem  are  examined.  It  is  found  that  the  location  of  thermoelectric 
generator  in  between  the  evaporator  and  the  condenser  results 
in  low  coefficient  of  performance  of  the  combined  system.  This  is 
attributed  to  heat  rejected  from  the  thermoelectric  generator, 
which  increases  heat  transfer  to  the  refrigeration  system.  There¬ 
fore,  coefficient  of  performance  of  refrigeration  system  reduces 
while  lowering  the  overall  coefficient  of  performance  of  the  com¬ 
bined  system.  On  the  other  hand,  the  location  of  thermoelectric 
generator  in  between  the  condenser  and  its  ambient  improves 
coefficient  of  performance  of  the  combined  system.  In  this  case, 
addition  of  the  thermoelectric  generator  has  a  notable  effect  on 
the  combined  system  performance.  Increasing  temperature  ratio 
(0i)  enhances  coefficient  of  performance  of  the  combined  system; 
in  which  case,  both  thermoelectric  efficiency  and  coefficient  of  per¬ 
formance  of  the  refrigerator  improve.  Increasing  9W  increases  coef¬ 
ficient  of  performance  of  the  combined  system,  which  is  more 
pronounced  for  temperature  ratio  of  about  9L  =  0.68.  Consequently, 
operating  the  combined  system  at  certain  range  of  values  of  tem¬ 
perature  ratio  and  9W  enhances  the  combined  system  performance. 
Here  9W  corresponds  to  ratio  of  ambient  temperature  to  condenser 
temperature.  Coefficient  of  performance  attains  high  values  when 
9C  increases.  This  behavior  is  more  pronounced  for  the  values  of 
temperature  ratio  about  dL  =  0.72.  Here,  9C  represents  temperature 
ratio  between  the  cold  space  temperature  to  the  condenser  tem¬ 
perature.  Consequently,  operating  the  combined  system  at  certain 
ranges  of  cold  space  temperature  improves  coefficient  of  perfor¬ 
mance  of  the  combined  system. 
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